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ABSTRACT:

Radiolysis of confined water and self-radiolysis of tritiated water gives rise to several
unanswered questions. To take into account this double specificity, we studied systems of
zeolites 4A containing tritiated water at different water loading ratios. Two tritiated water were
synthesized at the volumetric activities of 27 TBq.L™ and 60 TBq.L™. For each one, five samples
were prepared, differentiated by their water loading ratios, expressed in percentage, close to 4, 7,
11, 14 and 19 %. The study of the radiolysis in those systems revealed a double role of zeolites
4A: first, they increase the decomposition of water. Then they enhance the recombination of the
major stable radiolytic products detected. We actually evidenced a total recombination between

H, and O, which is catalyzed by the zeolites.

INTRODUCTION

Zeolites are a diversified class of natural or synthetic porous materials. The 218 different types
of zeolites listed' are implied in many applications like catalysisz’3, filtration®®, and isotopic
separation’. Zeolites 4A, belonging to the class LTA, are hydrophilic and can be used to store
tritiated water, generated along the manipulation of Tritium, for nuclear applications like ITER’.

The development of such a reactor requires safe solutions to store tritiated water.

Zeolites A are built from tetrahedrons SiO4 and AlO48. The framework negative charge,
induced by the valence of Aluminum, is compensated by the presence of cations. Their nature
and their location depends on the type of zeolite A. In zeolites 4A, the negative charge of the

framework is compensated by the presence of 12 monovalent Sodium cations per unit cell:



[Na;2(Si04)12(Al04)12]. Zeolites 4A can adsorb spontaneously water. When they are saturated, 27
or 28 molecules of water”'® are confined in each unit cell. The crystallographic structure of
zeolites A is composed of sodalites called B cages. They have the shape of truncated octahedrons
with an internal diameter of 6.6 A. Sodalite cages are disposed in a cubic arrangement. Another
type of nanoporous cavities is so created in the center of this array, octahedron-shaped too and
called supercage or a cage. In spite of some slight differences depending on authors, in each unit
cell, the given number of water molecules adsorbed in B cages, obtained by simulation is 4 or 5,

and the number of molecules located in o cages is obtained between 20 and 23 °'".

Based on FTIR or thermogravimetric results, the adsorption of water is described as an

12,13
heterogeneous phenomenon ~

. P cages are filled first and adsorbed water presents a very strong
interaction with cations and interacts through hydrogen bonds with the Oxygen atoms of the
framework. Then a cages are filled with water molecules covering the internal surface and whose
interaction strength decreases. The next adsorbed water molecules, completing the filling of
supercages, are sometimes called “bulk-like” water since they do not undergo direct interaction
with zeolites, and show physical and chemical properties close to the bulk-water ones. Finally a
few molecules can be adsorbed in non-crystallographic volumes, like spaces between grains,
created during the shaping of zeolites, after adjunction of a binder. The location of water
molecules and the interaction between zeolite and water so evolve along water adsorption. As a
consequence we chose to focus our experiments on the influence of Water Loading Ratio

(WLR), given as a percentage and corresponding to the mass of adsorbed water divided by the

mass of dried zeolites.



The radiolysis of water has been widely studied, in particular because it occurs in many

14,15

applied situations, like in medicine or food-processing industry'®. The particular case of self-

radiolysis of tritiated water has also been described several times' . Nevertheless, the radiolysis

of confined water shows differences compared to the bulk water one' >

, and gives raise to many
remaining questions without definitive answers concerning the role of the adsorbent. An increase
in the production rate of hydrogen is often described in presence of interfaces such as oxides or
internal surfaces created by the nanopourous volumes of zeolites. Hydroxyl radicals have been
designed to influence the hydrogen release as they play a major role in its recombination®’**,
Nevertheless, results considering both the self-radiolysis of tritiated water and the confinement in
zeolites 4A% are sporadic, incomplete and are not representative of the irradiation conditions
applied in storage situations.

We focused then both on the irradiation induced by tritiated water and on the radiolysis of

water confined in zeolites 4A. We took a special interest in the influence of the Water Loading

Ratio on radiolysis, because of the heterogeneity of water adsorption.

EXPERIMENTAL SECTION

Dehydration of zeolites 4A

Synthetic and hydrophilic zeolites 4A were supplied by Molsiv Adsorbents and contain a
binder used along the synthesis of zeolites to improve their mechanical properties. It is
chemically inert and only reduces the global capacity of zeolites 4A for water adsorption (the

binder is not porous). The WLR can reach 19.6 % at saturation according to the supplier.



Zeolites 4A were provided in the form of pebbles, with a measured diameter of 2,0 + 0,2 mm.
They were used in this form for the follow-up of self-radiolysis of tritiated water.

About 240 g of saturated zeolites, equilibrated with atmospheric water, were introduced in
640 cm® 316L stainless steel containers. Zeolites were degassed and dehydrated by a two steps
conditioning. First, zeolites were heated at 400°C during 7 hours, under Argon flow, to avoid an
exposure of the turbomolecular pump to high quantities of water vapor. Then, they were heated
at 400°C under dynamical secondary vacuum during 7 hours. Because we used zeolites initially
equilibrated with atmosphere, we assumed an initial WLR of 19.6 % which allows calculating
the respective masses of zeolites and water. The complete dehydration, also called activation, has

been checked by weighting before and after the two-step activation.

Synthesis of chemically pure tritiated water

We synthetized chemically pure tritiated water by isotopic exchange. 250 cm® and 300 cm”® of
non-tritiated milli-Q water were introduced in two 560 cm® 316L stainless steel containers. We
then introduced gaseous Tz (90% T2, 5 % N, 2 % 3He, 1% Oy, 1% DT, 1 % HT) at a pressure
of about 800 mbar. Then, gas phase has been sampled in 10 cm® flasks all along the isotopic
exchange and analyzed by high resolution mass spectrometry, carried out with a Finigan Mat 271
apparatus, giving relevant results (about 1 % precision, depending on gas and on the analysis)
until a detection limit of 100 ppm. The quantity of Tritium atoms lost in gaseous phase was
considered to be the same than the quantity won in the liquid phase (the loss of matter due to
sampling in 10 cm’ flasks was taken into account). Based on this assumption, we calculated the
volumetric activity of water. When water activity had reached the target, isotopic exchange was

stopped by eliminating the gaseous phase. Two synthesis were realized leading to calculated



activities of 27 TBq.L" and 60 TBq.L', experimentally checked by liquid scintillation. It
corresponds to isotopic ratios of respectively 0.068 and 0.15 %. Those activities were chosen to
be representative of water produced by gas clean-up systems. The synthesis of the Low
Volumetric Activity (LVA) water required 21 days. The synthesis of the High Volumetric
Activity (HVA) water required 93 days of isotopic exchange. During this second synthesis the
gaseous phase was replaced after 55 days with rich Tritium gas (90 % T,) in order to accelerate
the isotopic exchange. Actually, after those 55 days the concentration of T, in the gaseous phase

decreased from about 90 % to 15 %, leading to a slow-down of the isotopic exchange.

Adsorption of tritiated-water in previously dehydrated zeolites 4A

Tritiated water was then adsorbed in zeolites 4A by an exposition of dried samples to tritiated
water vapor. This process avoids the direct manipulation of liquid tritiated water, highly
contaminating in case of contact, despite gloves wearing. The Water Loading Ratio (WLR),
depending on exposition time of zeolites to water vapor, was previously determined with non
tritiated water. For each one of the two tritiated water synthesized, we targeted five WLR: 4, 7,
11, 14 % and saturation. The real WLR that we re-measured by weighting after adsorption are
given in the Table 1. We used Argon to inert the gaseous phase of the containers, and as a cover
gas for the subsequent analysis by mass spectrometry. We introduced a 420 mbar Argon pressure
after the water adsorption in zeolites. We conditioned an additional control-container without

any cover gas, containing zeolites 4A saturated with the HVA water (table 1).



Table 1: Characteristics of the eleven systems conditioned to follow self-radiolysis of

adsorbed tritiated water.

Low Volumetric Activity (27 TBq.L™) High Volumetric Activity (60 TBq.L™)

Mass of dried |, 50 o5 | 199 05 | 199.99 | 201.39 | 20098 | 202.74 | 199.95 | 201.90 | 202.74 | 20239 | 200228

zeolites (g)
MRS GTEGEoTe. | R 156 | 236 | 277 | 371 | 92 | 148 | 231 | 271 | 372 | 376

water (g)

Water Loading
Ratio (%) 4.1 7.8 11.8 13.7 18.5 4.5 7.4 11.4 13.4 18.4 18.8
Cover gas Ar Ar Ar Ar Ar Ar Ar Ar Ar Ar none

Self-radiolysis of tritiated water confined in zeolites 4A

All the eleven containers were regularly sampled, allowing us following the composition of
their gas phase during the radiolysis of confined water, determined by high resolution mass
spectrometry and given as volumetric percentages.

A pressure transducer was assigned to each container, allowing a continuous recording of the
pressure, with a frequency of one point per minute, thanks to a 20 input Honeywell Multitrend
SX recording device. The temperature in four different points of the manipulation area was also
measured with 4 PTX 100 probes, and was also recorded. Consequently, based on the perfect gas
law, we were able to calculate the total amount of matter in the gas phase of each container all
along the experiments.

The volume of each container had been previously measured by ten Helium releases from a
known pressure in a known volume. Helium releases had also been performed in containers after
their filling with a known mass of dried zeolites. In this way the volumetric mass of zeolites 4A
had been determined and subtracted. The volume of sodalite cages and supercages has been

deduced as well, depending on the water loading ratio. As a result the volume accessible to gases



was estimated from the free volume of the container and takes into account the volume occupied
by dried zeolites and water adsorbed. The standard deviation of the ten volumes measured and
calculated for each container was used to estimate the uncertainty on the free volume, considered
to be 5 cm’. The composition of the gas phase was calculated from the total quantity of matter in
the gas phase, weighted by the measured percentage of each compound. The high resolution
mass spectrometry allows us detecting and quantifying 3 He, 4He, H,, T,, D,, HT, HD, DT, O,,
CTy4, CHs, CO; and N,+CO. We considered that the amounts of gas that we measured were
“released” amounts rather than “produced” amounts to stay careful regarding trapping of
radiolytic species, even if very unlikely. As an example, zeolites 4A under 15 bar pressure of H;
adsorb only 1.4 % of their mass at — 196 °C and 0.3 % at 270 °C*°.

An initial analysis reveals the gases released by the self-radiolysis of water alone, before its
adsorption in zeolites. The result of this analysis is subtracted to the following analysis to only
discuss the gas released by the radiolysis of adsorbed water. The major gas detected, except
Argon, are H,, with percentages below 2 % and O, with percentages below 1 %. It was slightly
higher only in the system containing the zeolites loaded at 7.8 % with the low volumetric activity
water, where O, concentration reached 5 %. Regarding the stability of N, amount all along the
experiment, this was attributed to initial air traces. No special impact was noticed along the

radiolysis.

Energy deposition
The energy deposited in each whole system is conditioned by the volumetric activity of water
and the quantity of water adsorbed. The energy deposited is calculated with equation 1, obtained

by integrating the exponential decay law of Tritium. E; _ is the energy deposited in the whole



system, Eg- the average energy of particles emitted by Tritium decay (5.7 keV), A,y the
volumetric activity and V the volume of water adsorbed, t, the date where water is adsorbed, t;
the time elapsed from the beginning of radiolysis and t;/, the radioactive period of Tritium

. ears = J. X S .
(12.32 y 3.89 x 10°s ¥)

_ —ln2t
Eto—>t1 = Eﬁ_ X Avol. XV X % X [expf1/2 - 1] (1)

The distribution of the primary energy deposition between zeolites and adsorbed water is

frequently approximated to the mass proportions™*’.

RESULTS

*He Release

*He is an interesting species as it is released by Tritium decay and is not a reactive gas.
Moreover the quantity of Helium released can be calculated from the quantity of water adsorbed
and 1its activity, according to the equation 2, where npeq) is the quantity of *He produced in
moles, after a duration t given in seconds, for an initial activity Ao in Becquerels and Na is the

Avogadro number.

t1/2
In2

AgX X

—lnzt
exp'1/2 —1

Nie (t) = N ()
For two years of storage, “He release appears quite linearly-dependent on time and allows the
calculation of a releasing rate. The experimental quantities of *He measured, represented on

figure 1 and 2, are lower than the calculated ones. The missing quantity of *He represents about



20 % of the theoretical *He release what is consistent with the quantity removed because of
sampling.

Nevertheless, the experimental quantity of *He released by the system of zeolites containing
4.1 % of LVA water is much lower than the one expected. It cannot be only explained by
sampling. An increase of pressure of 230 mbar after 400 days has been measured in this
container. It has been attributed to an airtightness failing in this system since a linear increase of
the quantity of N, and O,, in the proportion of air, has been revealed by gas phase analyses. The
inconsistency of results for *He quantization in the system of zeolites 4A with 4.1 % of LVA
water, despite a slow air entrance, shows that *He is a relevant probe of airtightness even if it is
not a major gas released. *He quantization leads us to eliminate the leaking system, and to trust

in the sufficient airtightness of the other ones.

*He in Low Volumetric Activity (LVA) systems‘
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Figure 1: Release of *He along time in zeolites 4A containing Low Volumetric Activity water

(LVA, 27 TBq.L™), experimental values and interpolated production rates



SHe in High Volumetric Activity (HVA) systems‘
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Figure 2: Release of *He along time in zeolites 4A containing High Volumetric Activity water

(HVA, 60 TBq.L™"), experimental values and interpolated production rates

Quantity of gaseous matter along the trials

The first indicator of an evolution in gas phase is the quantity of matter, calculated all along
the radiolysis in each system, based on pressure and temperature records. It is represented on
figures 3 for HVA water systems. Lines are built from the minute per minute recording.
Triangles allow to date sampling for analyses. Zeolites containing LVA water showed a similar
behavior.

First, we observed an important decrease of the gaseous quantity of matter. The more the
crystallographic volumes of zeolite 4A are filled with water the lower the decrease is. It has been

attributed to a slow diffusion of Argon in the zeolites. This hypothesis is based on the analysis



results, showing that the quantity of matter for other gases is constant. Furthermore, such a

decrease is not observed in the test container, whose gas phase is Argon-free.

Quantity of matter in gas phase in zeolites 4A / High
Volumetric Activity Systems
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Figure 3: Quantity of gaseous matter in zeolite / HVA water systems depending on time elapsed,

triangles are dating the analysis sampling. The percentages on the figure indicate the WLR of

zeolites. Decreases not attributed to sampling are framed.

Then the gaseous quantity of matter increased for the highest WLR, and was almost stable for
the lower ones. A significant drop is finally observed in the two HVA systems loaded at 11.5 and
13.4 %. A more discreet drop is also observed in the 7.4 % system. This phenomenon is also
noticed for LVA water, on the study period, when zeolites contain 11.8 and 13.7 % of water
(figure 4). We interpreted the behavior of the different systems based on the complete analyses

of the gas phase composition.



Quantity of gaseous matter in systems presenting a drop\
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Figure 4: Quantity of gaseous matter in zeolite 4A / water systems concerned by a loss of gas

non-attributed to sampling.

Gaseous composition along trials

The only two gases detected as a result of the water decomposition were O, and H,. H, was the
only significant released isotopic form of Hydrogen. We never detected the form T,, and HT was
only detected as traces in the test container (without Argon). It is consistent with the ratio of
HTO to H,O species, calculated from volumetric activities.

We subtracted the result of the first analysis, carried out just after the water loading of zeolites,
showing traces of H, and O,, due to the self-radiolysis of liquid tritiated water, before its
adsorption. In this way, we only took into account the radiolysis of confined water, after its
adsorption in zeolites. Then quantities of H, and O, described on figures 5 to 7 are relative
quantities and are slightly negative when a decrease is observed, in LVA systems containing 7.8

and 11.8 % of water and in non-saturated HVA systems. Points are linked according to their



values and to the total quantity of gaseous matter calculated from pressure and temperature in
containers. Error bars are implemented considering the precision of the pressure and temperature
sensors, the uncertainty on the free volume and the precision of each analysis. There are much

higher for the only system not containing Argon due to its lower gas pressure.

Quantity of O, released during radiolyis in the systems
containing HVA water
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Figure 5: Relative quantity of O, released by zeolites loaded with the HVA water, at different
WLR. Periods of O, loss are framed and quantity of O, which reacts is indicated for the three

systems concerned with this phenomenon.



Quantity of H, released during radiolyis in the systems
containing HVA water
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Figure 6: Relative quantity of H, released by zeolites loaded with the HVA water, at different
WLR. Periods of gas drop are framed and quantity of H, which reacts is indicated for the three

systems affected by this phenomenon.



Quantity of H, released during radiolyis in the systems
containing LVA water
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Figure 7: Relative quantity of H, released by zeolites loaded with the LVA water, at different
WLR. Periods of H, loss are framed and the quantity which reacts is indicated for the three

systems affected by this phenomenon.

The complete analyses confirmed that H, and O, are responsible for the evolution of the total
quantity of gaseous matter presented on figures 3 and 4. The release of H, and O, appears to be
linear along the time for systems saturated with water whatever the volumetric activity (figure 5
to figure 7. The release of O, in LVA systems is similar to H, one.). For the seven systems
partially loaded with water, a total recombination of H, and O, is observed in four systems. One
more is engaged, but is not over in the LVA system containing 13.7 % of water (figure 7).
Considering the proportion of H, and O, reacting (average ratio of 2.4), and the absence of new
species in the gaseous phase, we propose a recombination leading to water. The lower the water

loading ratio of zeolites is, the earlier the recombination occurs. We assume that it is so early for



zeolites loaded at 4.5 % with HVA water and zeolites loaded at 7.8 % with LVA water, that no
significant release of H, and O, are visible. For systems higher loaded, the initial release of
hydrogen and oxygen happens.

As the WLR strongly conditions the quantity of gas released and the delay before they
recombine, zeolites seem to play a major role on radiolysis of water first, and on the
recombination which occurs next. Nevertheless, a more detailed discussion is required: WLR is
linked to the coverage of the internal adsorption sites of zeolites, to the volumetric activity, to the

primary energy deposition and its transfer from zeolite to water.

DISCUSSION

Zeolites 4A seem to favor water decomposition first and then water recombination. A related
behavior has been evidenced for zeolites SA exposed to gamma radiations, and Tritium [
radiations™. Hydrogen is first released with a radiolytic yield which is higher than the one
obtained for free bulk water. Nevertheless, when zeolites are not saturated, the obvious quantity
of hydrogen produced when the deposited dose increases downwardly inflects. This slowing
down of hydrogen release can be attributed to a recombination phenomenon. The phenomenon
that we measured is almost different, as an original total recombination between H, and O,

never evidenced as far as we know, is observed.



The role of zeolites 4A on the radiolysis of water

The hydrogen radiolytic yields measured in the system showing a significant release of
hydrogen are presented in table 2. They are calculated considering the measurements before
recombination when it happens, and taking into account the primary energy deposition in water.

When hydrogen is detected, the radiolytic yield calculated based on energy deposition in water
is always higher than the one measured in free bulk water (0.045 pmol.J™"). This assessment has
been done when zeolites are exposed to an external source of radiations '***%.

We first excluded the hypothesis that the organization of water, extremely immobilized in
zeolites, could enhance its decomposition. Actually, the hydrogen radiolytic yields measured
when ice water is irradiated (0.007 pmol.J" at -196°C, 0.010 pmol.J" at -100°C and 0.026

13031y is lower than the yield measured for liquid water at 25°C (0.045 pmol.J™" *%). As a

umol.J”
conclusion a higher crystalline organization seems to inhibit formation of H, rather than

enhancing it.



Table 2: Hydrogen radiolytic yields and estimation of energy transfers, based on analysis
results before recombination. Egy.n, is the quantity of energy deposited in the whole system (see

experimental section for the calculation method). E, ., is calculated in agreement with the

WLR.
Low Volumetric Activity High Volumetric Activity
Water Loading
Ratio (%) 11.8 13.7 18.5 7.4 11.4 13.4 18.4 18.8
Cover gas Ar Ar Ar Ar Ar Ar Ar none
Hydrogen
Radiolytic Yield 0.09 0.10 0.10 0.08 0.07 0.12 0.11 0.10
(umol.J ™)
Ny, (pmol) 14x10% | 21x10% | 7.1x10* | 3.0x10° | 1.3x10* | 32x10* | 1.0x10° | 1.0x107
Esystem (kI) 15.0 18.1 34.5 5.6 18.9 22.2 60.1 65.0
Eater (KJ) 1.6 2.2 6.8 0.4 1.9 2.6 9.3 10.3
Etransferrea (KJ) 1.5 2.5 9.3 0.3 0.9 4.5 12.9 12.0
Etransferrea (%0) 11.5 15.6 33.2 5.4 5.6 22.9 25.4 21.9

On the contrary, energy transfers from adsorbents to adsorbate, is a mechanism that could
explain a higher quantity of hydrogen, released when water is adsorbed at an interface. The
amount of energy transferred can be estimated, using the equation 3 and assuming that it is the

only mechanism increasing hydrogen release®. ny, is the quantity of hydrogen released,
GH2 in buik water 1 the known radiolytic yield in bulk water, Eprimary deposited in water 15 the
primary energy deposition in water and Etrqnsfered from zeolite to water 18 the energy transferred

from zeolites to water.

E . = ™, g - 3
transfered from zeolite to water — G primary deposited in water ( )
H2 in bulk water



The quantity of energy transferred from zeolite to water, calculated from equation 3, are
reported in table 2. They are calculated before recombination when it occurs. The ratio of energy
transferred compared to energy deposited in the zeolites is also calculated and given as a
percentage in table 2. This ratio increases when the loading ratio increases and seems also to be
impacted by the volumetric activity. The same method was applied to quantify the energy
transferred from CeO; and ZrO, to adsorbed water while some systems underwent irradiations®®.
The order of magnitudes of the energy transferred, ranging between 5.4 and 33.2 % are
consistent with the proportion of energy transferred during the radiolysis of water adsorbed on
Ce0, and ZrO,, which are respectively of 4 and 18 %*. Consequently, the involvement of a
transfer of energy from zeolites to adsorbed water is proposed as a first explanation to hydrogen
and oxygen production enhancement.

As regard to the impact of the WLR, and considering the strong interaction between adsorbed
water and the zeolite, the adsorption sites are foreseen to play an additional role to energy
transfers. Amongst different species that can be implied in such an adsorption, hydroxyl radicals
are often designed to play a major role on hydrogen release ****. They should explain that we
measured enhanced hydrogen radiolytic yields linked to the water loading ratio. An adsorption
phenomenon of the latter, which could inhibit hydrogen recombination (equation 4) can be
considered. Nevertheless, such a phenomenon would lead to a radiolytic yield decreasing with
high number of free internal sites. Hydrogen release would be more efficient for lower loading
ratio. Radiolytic yields tend to evolve in the opposite sense, indicating that this phenomenon, if it

occurs, cannot be the major one.
HO® + H, = H* + H,0 (4)
Except H, and O,, an additional stable product of radiolysis can be released: H,O,. The

production of H,O,, if it was not quantified, can also be discussed regarding the ratio between

"N



the amount of hydrogen and oxygen released by the water decomposition. It is always higher
than 2, which could be an indicator of H,O; production. Then, it decreases, which could indicate
the dismutation of hydrogen peroxide occurring next. A dedicated study, experimental or
simulated, is nevertheless required to deepen such a discussion.

Despite a high initial hydrogen radiolytic yield, we observed a recombination phenomenon

happening next.

The role of zeolites 4A on the recombination of water

From ten systems, a total recombination of H, and O, occurred in four unsaturated systems and
is engaged in a fifth one. As far as we know, such a total recombination has not been observed
yet, and hypothesis concerning partial recombination are often incomplete in the absence of
information about other gases like O, '*%°.

The average proportion of H, and O, reacting is 2.4 (the system loaded at 13.7 % with LVA
was not taken into account in this calculation as recombination is still ongoing, and H; and O,
remain in the gaseous phase). There is no new species in the gaseous phase whose quantity of
matter decreases. We considered a recombination leading to H>O, or H,O. In the first case, the
ratio of H, and O, reacting would have been close to 1, whereas in the second case, it would
have been close to 2. We assume that the major product formed by the recombination of H, and
O, is water. Combustion cannot explain the observations we made, because containers are free

from ignition source, and because the recording of pressure revealed a reaction taking several

days long.
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Table 3: Experimental conditions in which a total recombination between H, and O; is

observed or engaged and characteristics of this recombination

Low Volumetric High Volumetric Activity

Activity
Water Loading Ratio (%) 11.8 7.4 114 134
Delay before recombination 300 R0 175 210
(days)
Just before recombination :
ny, (pmol) 1.68x10™ 7.13x10% | 2.19x10* | 3.57x 10
N, (nmol) 6.54x10° 3.13x10° | 1.17x10* | 1.31x 10
Egystem (KJ) 15.0 5.6 18.9 26.6
Epater (KJ) 1.6 0.4 1.9 3.1
Evolution of gaseous phase during recombination
Any, (umol) + 10 % 1.16x 10 6.19x107°[2.19x10*[3.13x 10
Ang, (umol) = 10 % 439x10° 3.05x10°[8.59x10° | 1.27x 10
Any, / Ang, £ 0.5 2.6 2.0 2.5 2.5

The reforming of water is delayed depending on the water loading ratio of the zeolites. Their
implication is so evidenced. Moreover, for similar loading ratios (11.8 and 11.5 or 13.4 and
13.7 %) the delay before recombination also depends on the volumetric activity of the adsorbed
water (table 3).

Based on the obvious influence of both volumetric activity of the adsorbed water and on the
availability of the adsorption sites inside the zeolites we proposed a simple mathematical model

linking the time before recombination to WLR and volumetric activity. This is an empirical
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approach to predict the delay before a recombination occurs in zeolite 4A / tritiated water
systems, including the influence of the parameters discussed above.

As zeolites are seen as a catalyst in the recombination of water, it is more relevant to consider
accessible adsorption sites or free volumes (19.6 - H), rather than directly taking into account the
Water Loading Ratio (“H”).

Volumetric Activity also seems to play a major role. Some mechanisms proposed to describe
isotopic exchange between T, and H,O contain a step of initiation by Tritium-induced

3334 Based on this assumption, we introduced the proper activity of each system in our

radiations
numerical model, presented on figure 8 and depicted by the equation 5. At,ecombination 15 the

delay before a recombination is observed, H is the WLR of zeolites and A,,mic the volumetric

activity.

K
At ination = 5
recombination (19.6—H) X Apoumic ( )

The experimental results obtained with the four systems included in table 3 were fit using the
equation 5. The value calculated for the fitting constant K is: 7.2 X 10* £ 1.1 x 10* days.TBq.L"
1

According to this model, a recombination is expected in the three remaining systems showing
significant release of H, and O,. The system loaded at 13.7% with LVA water, not included to
build the numerical model, gives a first validation of this one, with a slight decrease of H, and O,
between 398 and 439 days, and a significant decrease of the total quantity of gas confirmed after

450 days, matching the predicted delay.
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Numerical model describing delay before recombination
depending on Water Loading Ratio

[\e]
i
el
[]

LVA-185% = Atrocombination= 2400 days

2000 At,me (27 TBq.L™Y)
® At (27TBq.L™")
— Ateqe (59TBq.L7Y)
A Atey, (59TBq.L7")

K
Atrecompbination= (19.6 — H) X Aporam
. volumic

1500 K =72x10*+1.1 x 10* days.TBq.L"!

HVA-18.4 % — At i arion= 1000 days
1000 ---2-Lo 20 0 recombination= 1VUY A S A R A

500

LVA -13.7 % = Atrocombination= 450 days expected, confirmed
9

Delay before recombination (days)

Water Loading Ratio (%)
Figure 8: Simple numerical model, linking the time observed before recombination and the

water loading ratio, taking into account the volumetric activity of adsorbed water.

The absence of hydrogen and oxygen recombination when zeolites are saturated with water is
depicted by the model and so far in agreement with the experimental results. It corroborates the
hypothesis of a catalytic role of zeolites 4A on H, and O, recombination, implying the internal
adsorption sites of microporous volumes. The models used to describe free bulk water radiolysis
count two major reactions leading both to H, and O, consumption and to H,O production
(equation 6 and 7).

(6)
(7

The surface adsorption of €’,q and HO' could explain a threshold observation, corresponding to

the saturation of surfaces with adsorbed species. Despite, the saturation would be reached first

MYN



for the highest water loading ratios. On the contrary, recombination happens first in our lowest
loaded systems.

So, the threshold that we observed for recombination of water is preferentially associated to
diffusion kinetics. Zeolites are first designed to slow down the diffusion of species because of the
reduced diameter of cavities and of channels formed. Moreover, the adsorption of water in those
volumes, and its organization induced by the interaction between zeolite and water, are supposed
to slow down the migration of all radiolytic species through the zeolite. A dependency of the
diffusion kinetics on the WLR makes then sense and could at least partially explained the delay

observed before recombination.

CONCLUSION

The study of gas released during one year of self-radiolysis of tritiated water showed a major
role of zeolites 4A on radiolysis. They first favor the decomposition of tritiated water. A transfer
of energy from the zeolite to water is identified as a possible and realistic phenomenon to explain
the enhancement of water decomposition. Furthermore, the adsorption of hydroxyl radicals on
internal adsorption sites of zeolites has been considered and could be deepened. Then zeolites
favor a total recombination, not observed in the case of free bulk water, or in the case of external
radiations. The quantization of Hj, but also of O, let us think that they react to restore water.
Recombination is delayed by a low volumetric activity of loaded water or by an important water
loading ratio. Based on those two observations, a simple empirical model has been proposed to
predict the recombination depending on water loading ratio and activity. It is an empirical
approach, based on the quantified influence of the activity of tritiated water and on the water

loading ratio. Once more, the link between the phenomenon observed and the water loading ratio
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of zeolites is an indicator of their influence. The observation of a threshold for recombination of
water without a clear return to radiolysis at this time, allows proposing a phenomenon of
saturation involving the diffusion of reactive species after a given time.

To complete this understanding, simulation tools appear to be a relevant support, to study the
reactivity of radiolytic species in the surrounding of adsorption sites or to perform calculations
on diffusion kinetics in zeolites 4A at different loading ratios. From an experimental point of
view, pursuing the ongoing experiment will necessary provide additional information and allow
attributing the release and recombination of H, and O; to a cyclic or a threshold phenomenon.
Additional loading ratio or volumetric will also lead to deepen the mathematical description
proposed, that showed to be a good support for both the understanding and the prediction of the

radiolysis of self tritiated water adsorbed in zeolites 4A.
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